Introduction
Acid-sensing ion channels (ASICs) are neuronal voltageinsensitive cation channels gated by extracellular protons . Seven ASIC isoforms coded by four genes were described in mammals: the three splice variants ASIC1a, ASIC1b, and ASIC1b2; the two splice variants ASIC2a and ASIC2b; ASIC3; and ASIC4 (Price et al., 1996; Waldmann et al., 1996; Garcia-Anoveros et al., 1997; Lingueglia et al., 1997; Chen et al., 1998; Akopian et al., 2000; Grunder et al., 2000) . Most of these isoforms can associate into homomeric or heteromeric channels (Lingueglia et al., 1997; Benson et al., 2002) .
In sensory neurons, ASICs are associated with pain sensing and mechanoperception (McCleskey and Gold, 1999; Jones et al., 2004; Lingueglia, 2007) . ASICs are also widely expressed in the CNS (Krishtal, 2003; Wemmie et al., 2006; Lingueglia, 2007) . ASICs trigger action potentials (APs) after extracellular acidification, as shown in cortical and hippocampal neurons (Varming, 1999; Baron et al., 2002a) . Several ASIC subunits are present in brain, including ASIC1a, ASIC2a, and ASIC2b, with significant overlap of expression (Krishtal, 2003; Voilley, 2004; Wemmie et al., 2006) . Disrupting the ASIC1 gene eliminates the H ϩ -evoked currents in hippocampal neurons and in the amygdala (Wemmie et al., 2003) , and these mice have a deficit in hippocampus-dependent spatial learning and cerebellumdependent eye-blink conditioning, associated with an impaired long-term potentiation (LTP) at Schaffer collateral-CA1 synapses and reduced EPSPs during high-frequency stimulation . The ASIC2a subunit appears to be important for the modulation of ASIC1a properties in brain (Askwith et al., 2004) , and ASIC1a and ASIC2a are also important for neuronal function in the visual system (Ettaiche et al., 2004 (Ettaiche et al., , 2006 . ASIC1a, ASIC2a, and ASIC2b are also expressed in the spinal cord (Wu et al., 2004) , and H ϩ -evoked ASIC-like transient cation currents were recorded in mouse and rat spinal neurons (Gruol et al., 1980; Li et al., 1997) . Dorsal spinal cord neurons are the first central neurons to integrate and modulate the noxious signal generated by peripheral nociceptors. Dorsal horn is a highly plastic area, both at the morphological and functional level (Furue et al., 2004; Yang et al., 2004; Sandkuhler, 2007) . Peripheral inflammation was shown to increase ASIC channel expression in spinal cord neurons (Wu et al., 2004) , and ASIC1a has been involved previously in central sensitization (Duan et al., 2007) . However, available data on ASIC channels in spinal cord neurons are still limited.
We analyzed the expression and the localization of the different ASIC isoforms in the mouse spinal cord and explored the functional properties of ASIC currents expressed by dorsal spinal neurons. The relative contribution of each ASIC isoform was determined with specific pharmacological tools, such as the PcTx1 toxin, a selective inhibitor of homomeric ASIC1a channels (Escoubas et al., 2000) , and zinc, which is known to enhance ASIC2a-containing channels (Baron et al., 2001) , and compared solution pH ranging from 6 to 5. Changes in extracellular pH were induced by shifting one of eight outlets of a microperfusion system in front of the cell during 10 s, unless otherwise stated. Experiments were performed at room temperature (20 -24°C). Recombinant PcTx1 (Psalmopoeus Cambridgei toxin 1) (Escoubas et al., 2003) was used, and 0.1% bovine serum albumin was added in extracellular solutions to prevent its adsorption to tubing and containers (Escoubas et al., 2000) . PcTx1 was applied before and between pH drops, and the steady-state inhibition was measured after 3 min.
Quantitative reverse transcription-PCR. RNA was extracted from E14 and adult mouse spinal cord and from primary culture of mouse spinal cord neurons. After reverse transcription (RT) (with cloned AMV FirstStrand cDNA Synthesis kit; Invitrogen), quantitative PCR was performed using qPCR MasterMix Plus for SYBR Assay No ROX (Eurogentec, Seraing, Belgium) on a LightCycler480 (Roche Products, Welwyn Garden City, UK) following the protocol of the supplier. Primers were as follows: 18S, GCCGCTAGAGGTGAAATTCT/CATTCTTGGCAAAT-GCTTTCG; ASIC1a, GGCCAACTTCCGTAGCTTCA/ATGCCCT-GCTCTGTCGTAGAA; ASIC1b, TCACCTAGGGACTTGGTGGC/ CCCTTCCACAAAGACATGGC; ASIC2a, CGACTTGTACCAC-GCTGGG/ATGCGGGTCAGGAATCTGC; ASIC2b, TCCCTTGGCTT-GCTGTTGTC/CGTGTGTGACGGGAAACTGA; ASIC3, CACCCAAT-GACTTGCACTGG/TAGGCAGCATGTTCAGCAGG. Results were analyzed and plotted as relative expression to ASIC1a isoform expression level following the program for relative quantification supplied with the LightCycler.
ASIC localization by in situ hybridization and immunohistochemistry on spinal slices. For in situ hybridization, 12 m sections of frozen lumbar spinal cord from adult C57BL/6 mice were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, prehybridized, and hybridized with terminal-transferase biotin-dUTP oligonucleotide antisense probes against ASIC1a (CATTCTTGGAGACTTGGCTAAAGCG-GAAC), ASIC2a (GCAGTAGAGCATCATATCCTTCAGGTCAT), and control sense probe (CACAGATGGCTGATGAAAAGCAG). After overnight incubation at 42°C and stringent wash, detection was performed using GenPoint Tyramide Signal Amplification System for Biotinylated Probes (DakoCytomation, Carpinteria, CA) according to the protocol of the supplier. The sections were counterstained with cresyl violet. Each experiment was done on three animals at least. Control experiments were done with sense probes (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). For combined fluorescent in situ hybridization and immunohistochemistry, the detection was performed as follows. After stringent wash, sections were blocked with PBS containing 0.1% Tween 20, 0.1% BSA and 2% horse serum and incubated overnight at 4°C with specific antibodies against biotin (1:5000 sheep antibody to biotin; Acris Antibodies, Hiddenhausen, Germany) and primary antibodies against ASIC2a (1:100; Alomone Labs, Jerusalem, Israel). Detection was done using Alexa Fluor 594 anti-sheep IgG and Alexa Fluor 488 anti-rabbit IgG (1:1000; Invitrogen). The specificity of the anti-ASIC2a antibody was confirmed by immunocytolabeling of ASIC2a-transfected COS cells and by double labeling by immunohistochemistry and in situ hybridization on spinal slices (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Baron et al., 2002 Results
Identification of three different types of ASIC-like currents in mouse dorsal spinal cord neurons
To analyze the functional properties of mouse spinal cord ASIC currents, we performed patch-clamp experiments on E14 primary cultured dorsal spinal neurons. In response to a pH drop from 7.4 to 5.0, every recorded neuron expressed an ASIC current with a density of 120 Ϯ 6 pA/pF (n ϭ 130). The mean cell capacitance of the recorded neurons was 30.6 Ϯ 0.8 pF (n ϭ 128), and their mean resting potential was Ϫ51.55 Ϯ 0.95 mV (n ϭ 87). Capsaicin (10 M) was not able to activate any current (n ϭ 6). Recombinant spider toxin PcTx1, at a concentration of 20 nM that selectively and fully inhibits heterologously expressed homomeric ASIC1a current (Escoubas et al., 2000) , was tested on ASIC currents activated by a drop to pH 5.0 (Fig. 1 A) . The effect of Zn 2ϩ (300 M) that increases the amplitude of ASIC currents flowing through ASIC2a-containing channels (Baron et al., 2001 ) was also tested on pH 6.3-induced currents, a more appropriate experimental condition to see maximal Zn 2ϩ effect (Fig. 1C) . PcTx1 inhibits ASIC current to 56 Ϯ 5% (n ϭ 47) of the control current ( Fig. 1 A, All) , whereas Zn 2ϩ increases the current amplitude (IZn 2ϩ / Icontrol ϭ 1.76 Ϯ 0.19; n ϭ 29) (Fig. 1C,  All) .
However, three different subpopulations of neurons could be identified, behaving differently with respect to PcTx1 and Zn 2ϩ effect. Type 1 neurons, representing 17.2% of neurons (20 of 116), were defined as expressing a current highly inhibited by PcTx1 (IPcTx1/Icontrol from 19 to 0% of the control current; mean value, 11 Ϯ 2%; n ϭ 12) (Fig.  1 A) and not increased by Zn 2ϩ (IZn 2ϩ /Icontrol ϭ 0.76 Ϯ 0.07; n ϭ 8) (Fig. 1C) . Such Zn 2ϩ -insensitive, PcTx1-sensitive ASIC current is expected to flow mainly through homomeric ASIC1a channels ( Fig. 1 B, D , left currents). In type 2 neurons, representing 66.4% of neurons (77 of 116), the ASIC current was almost insensitive to PcTx1, (IPcTx1/Icontrol from 100 to 75%; mean value, Ϯ2%; n ϭ 19) (Fig. 1 A) , whereas Zn 2ϩ produced an important increase in current amplitude (IZn 2ϩ /Icontrol, 2.51 Ϯ 0.12; n ϭ 14) (Fig. 1C) . Therefore, this Zn 2ϩ -sensitive and PcTx1-insensitive current mainly flows through channels containing ASIC2a subunits ( Fig. 1 B, D , middle currents). The type 3 subpopulation of neurons was constituted by the remaining 16.4% of neurons (19 of 116), where PcTx1 produced an incomplete and variable inhibition of the total ASIC current (IPcTx1/ Icontrol from 74 to 20% of the control current; mean value, 47 Ϯ 4%; n ϭ 16) (Fig. 1 A) , and Zn 2ϩ produced a highly variable but significant increase in current amplitude (IZn 2ϩ /Icontrol, 1.51 Ϯ 0.53; n ϭ 6) (Fig. 1C) . In these neurons, the ASIC current appears to flow through a mixture of PcTx1-sensitive homomeric ASIC1a channels and of Zn 2ϩ -sensitive ASIC2a-containing channels ( Fig. 1 B, D , right currents). The ASIC current density, the cell capacitance, and the resting membrane potential were not significantly different between the three neuronal subpopulations, with current densities of 109 Ϯ 15, 125 Ϯ 8, and 104 Ϯ 13 pA/pF; cell capacitances of 28.2 Ϯ 2.4, 32 Ϯ 1, and 27.7 Ϯ 2.5 pF; and resting potential of Ϫ55.45 Ϯ 3.09, Ϫ51.54 Ϯ 1.1, and Ϫ50.40 Ϯ 2.81 mV for type 1, type 2, and type 3 neurons, respectively. Experiments were performed on ASIC currents recorded from dorsal spinal neurons from ASIC2 Ϫ/Ϫ mice (Ettaiche et al., 2004) . All ASIC2 Ϫ/Ϫ neurons (cell capacitance, 28.0 Ϯ 1.6 pF; resting potential, Ϫ50.13 Ϯ 1.86 mV; n ϭ 35) expressed an ASIC current (86 Ϯ 10 pA/pF; n ϭ 35) that was highly inhibited by PcTx1 (IPcTx1/Icontrol, 6 Ϯ 1% of the control current; n ϭ 16) (Fig. 1 A) and that was not increased by Zn 2ϩ (IZn 2ϩ /Icontrol, 0.66 Ϯ 0.02; n ϭ 7) (Fig. 1C) , very similar to type 1 current.
In wild-type neurons, a sustained plateau phase following the type 2 or type 3 peak current was sometimes recorded (Fig. 1 B) , suggesting the participation of ASIC2b in some native heteromeric channels. Because ASIC2b confers a sustained plateau phase after, for instance, association with ASIC2a (Lingueglia et al., 1997) , we performed experiments to analyze the possible implication of ASIC2b in type 2 current. In type 2 current of wildtype neurons, a sustained plateau phase of 2.70 Ϯ 0.28 pA/pF (n ϭ 59) was recorded at Ϫ50 mV. This current was reduced to Currents were recorded from wild-type neurons (All, type 1, type 2, type 3 neurons) and from ASIC2 Ϫ/Ϫ neurons, activated by pH drops from 7.4 to 5.0 each minute, at a holding potential of Ϫ50 mV. PcTx1 (20 nM) was applied between pH drops at pH 7.4. The current amplitude in the presence of PcTx1 (measured at the steady state of effect) was expressed as a ratio of the control current amplitude value (IPcTx1/I control) and plotted as mean Ϯ SEM (n ranging from 12 to 47; ***p Ͻ 0.005 compared with type 1 current;
ϩ p Ͻ 0.05, ϩϩϩ p Ͻ 0.005 compared with type 2 current). B, Original current traces recorded from three different neurons showing the effect of PcTx1 on a type 1 PcTx1-inhibited current (left), a type 2 PcTx1-resistant current (middle), and a type 3 half-inhibited current (right). For each neuron, a control current (E) and a current in the presence of 20 nM PcTx1 (F, steady-state effect) are shown. Currents were recorded at Ϫ50 mV and activated by a pH drop from 7.4 to 5 each minute. C, Effect of zinc. Currents were recorded from wild-type neurons (All, type 1, type 2, type 3 neurons) and from ASIC2 Ϫ/Ϫ neurons, activated by pH drops from 7.4 to 6.3 each minute, at a holding potential of Ϫ50 mV. ZnCl 2 (300 M) was applied during pH drops. The current amplitude in the presence of zinc was expressed as a ratio of the control current amplitude value (I zinc/I control) and plotted as mean Ϯ SEM (n ranging from 6 to 29; *p Ͻ 0.05, ***p Ͻ 0.005 compared with type 1 current; ϩϩ p Ͻ 0.01, ϩϩϩ p Ͻ 0.005 compared with type 2 current). The dashed line figures the no-effect level. D, Original current traces recorded from three different neurons showing the effect of zinc (300 M) on a type 1 current (left), a type 2 current (middle), and a type 3 current (right). For each neuron, a control current (E) and a current in the presence of 300 M zinc (F) are shown. Currents were recorded at Ϫ50 mV and activated by a pH drop from 7.4 to 6.3 each minute.
1.24 Ϯ 0.15 pA/pF (n ϭ 50; p Ͻ 0.005) in ASIC2 Ϫ/Ϫ neurons, strongly suggesting the involvement of ASIC2b subunits in the sustained plateau phase of wild-type type 2 current. The remaining plateau phase recorded in ASIC2 Ϫ/Ϫ neurons was probably unrelated to the function of ASIC channels. Indeed, it was completely suppressed at Ϫ70 mV, suggesting that it was generated by an H ϩ -inhibited background K ϩ current (data not shown) such as the two-pore domain potassium channel TASK (Duprat et al., 1997) .
All these experiments suggest that the type 1 current is supported mainly by ASIC1a homomeric channels, whereas the type 2 current involves both ASIC1a and ASIC2a subunits, and the ASIC2b subunit when a plateau phase is expressed. Neurons displaying a type 3 current would express both ASIC1a subunits assembled into homomers, ASIC1a and ASIC2a subunits forming heteromers along with ASIC2b when there is a plateau phase.
ASIC currents in dorsal spinal cord neurons flow through ASIC1a-containing channels with functional properties modulated by ASIC2a subunits
Because the type 3 current is very variable and is in fact a mixture of different types of currents, the next series of experiments were particularly focused on a more extensive characterization of type 1 and type 2 currents. The inactivation time course, pHdependent activation, pH-dependent inactivation, and reactivation time course were compared between the type 1 current (mainly homomeric ASIC1a current), the type 2 current, the currents recorded from ASIC2 Ϫ/Ϫ neurons (pure homomeric ASIC1a current), and heterologously expressed homomeric ASIC1a, homomeric ASIC2a, and heteromeric ASIC1a plus 2a currents in transfected COS cells (Table 1) .
The inactivation time constant (Fig. 2 A) was measured by an exponential fit of the pH 5.0-induced current decay [I ϭ A*exp(Ϫt/) ϩ C]. The values of the type 1 current (1.00 Ϯ 0.06 s; n ϭ 14) and of the ASIC2 Ϫ/Ϫ current (0.97 Ϯ 0.04 s; n ϭ 38) were not significantly different from the value of ASIC1a channels expressed in COS cells (1.12 Ϯ 0.08 s; n ϭ 34), as expected. Type 2 current showed a significant faster inactivation (**0.76 Ϯ 0.03 s; n ϭ 62) than the type 1 current, and also than the ASIC2a current expressed in COS cells (*** ϭ 5.52 Ϯ 0.30 s; n ϭ 23). The current recorded after cotransfection of ASIC1a and ASIC2a subunits in a 2:1 ratio showed a value (0.79 Ϯ 0.06 s; n ϭ 13; p ϭ 0.74) similar to type 2 current. Comparatively, the current resulting from a 1:1 transfection ratio showed a ϭ 2.01 Ϯ 0.28 s (n ϭ 6), and the current resulting from a 1:2 transfection ratio showed a ϭ 3.53 Ϯ 0.79 s (n ϭ 8) (data not shown).
Figure 2 B shows the pH-dependent activation curves of ASIC currents. As expected, the type 1 current has activation properties similar to the ASIC2 Ϫ/Ϫ current or the ASIC1a current expressed in COS cells with pH 0.5 values of 6.46, 6.51, and 6.37, respectively. The type 2 current was activated by more acidic pH (pH 0.5 ϭ 6.03). It is significantly different from the ASIC2a current expressed in COS cells (pH 0.5 ϭ 3.87) (Baron et al., 2001) . The current recorded after cotransfection of ASIC1a and ASIC2a subunits in a 2:1 ratio showed properties similar to the type 2 current in dorsal spinal neurons, with a pH 0.5 ϭ 6.06, whereas current ) and from transfected COS cells (white bars, ASIC1a, ASIC2a, and ASIC1a plus 2a), activated by pH drops (10 s) from 7.4 to 5.0, at a holding potential of Ϫ50 mV. The inactivation time constant was measured by an exponential fit of the current decay [I ϭ A*exp(Ϫt/) ϩ C], and plotted as mean Ϯ SEM (n ranging from 14 to 62; * p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.005 compared with ASIC1a current). B, pH-dependent activation. Currents were recorded from neurons (black symbols: OE, type 1; F, type 2; ᭜, All; f, ASIC2 Ϫ/Ϫ ) and from transfected COS cells(whitesymbols:‚,ASIC1a;Ⅺ,ASIC2a;E,ASIC1aplus2a),activatedbypHdrops(10s)from7.4 toavariablepHtest,ataholdingpotentialofϪ50mV.Thecurrentamplitudewasexpressedasaratio oftheamplitudeofthecurrentelicitedbyapHdropfrom7.4to5.0(I/Icontrol)andplottedasmeanϮ SEM (n ranging from 3 to 73) as a function of the pH test. Data were fitted as a dose-response sigmoidal curve following the equation
, where pH 0.5 is pH of half-maximal activation,n H is Hill number, Y min and Y max were 0 and 1, respectively,exceptforASIC2a(Ⅺ),whereY max was16(incompletecurveshown).OE,pH 0.5 ϭ6.46, n H ϭ1.50;f,pH 0.5 ϭ6.51,n H ϭ1.39;‚,pH 0.5 ϭ6.37,n H ϭ1.25;᭜,pH 0.5 ϭ6.12,n H ϭ1.39; F, pH 0.5 ϭ 6.03, n H ϭ 1.94; E, pH 0.5 ϭ 6.06, n H ϭ 2.15; Ⅺ, pH 0.5 ϭ 3.87, n H ϭ 1.05. C, pH-dependentinactivation.Currentswererecordedfromneurons(blacksymbols:OE,type1;F,type 2; f, ASIC2 Ϫ/Ϫ ) and from transfected COS cells (white symbols: ‚, ASIC1a; Ⅺ, ASIC2a; E, ASIC1a plus 2a), activated by pH drops (10 s) from a pH test to 5.0, at a holding potential of Ϫ50 mV. The current amplitude was expressed as a ratio of the amplitude of the current elicited by a pH drop from pH 7.4 to 5.0 (I/I control) and plotted as mean Ϯ SEM (n ranging from 4 to 24) as a function of the pH 4 test. Data were fitted as a dose-response sigmoidal curve following the equation
, where pH 0.5 is pH of half-maximal activation, n H is Hill number. OE, f, ‚, pH 0.5 ϭ 7.30, n H ϭ 4.6, Y max ϭ 1.3; F, pH 0.5 ϭ 6.74, n H ϭ 3.82; E, pH 0.5 ϭ 6.46; n H ϭ 3.82; Ⅺ, pH 0.5 ϭ 6.16, n H ϭ 3.82.
resulting from a 1:1 transfection ratio showed a pH 0.5 of 5.5 (Baron et al., 2001; Chu et al., 2004; Hesselager et al., 2004) , and the current resulting from a 1:2 transfection ratio showed a pH 0.5 of 5.1 (Baron et al., 2002a) .
The ASIC current types expressed in spinal dorsal neurons also have different pH dependences of inactivation (Fig. 2C) . The type 1 current and the ASIC2 Ϫ/Ϫ current have the same pH 0.5 of inactivation (pH 0.5 ϭ 7.30) as the heterologously expressed homomeric ASIC1a current. The inactivation curve of the type 2 current is shifted toward more acidic pH, with a pH 0.5 ϭ 6.74, intermediate between the pH 0.5 values of heterologously expressed homomeric ASIC1a and ASIC2a currents that are 7.30 and 6.17, respectively. It is interesting to note that the ASIC1a current is already partly inactivated at pH 7.4, contrary to the type 2 current. The current recorded after cotransfection of ASIC1a and ASIC2a subunits in a 2:1 ratio showed a pH 0.5 of inactivation (pH 0.5 ϭ 6.46), close to the pH 0.5 value of the type 2 current.
Altogether, these functional properties support the fact that the type 1 current would mainly flow through homomeric ASIC1a channels, whereas the peak type 2 current would mainly flow through heteromeric ASIC1a plus 2a channels. The minor contribution of homomeric ASIC1a channels in type 2 current is responsible for the small PcTx1-induced inhibition (ϳ8% of the control current), but the contribution of homomeric ASIC2a can be ruled out, based on its atypical pH-dependent activation and kinetics properties (see Table 1 ). The properties of type 2 current were close to those of heterologously expressed currents resulting from cotransfection of ASIC1a and ASIC2a in a 2:1 ratio, suggesting that it would mainly flow through ASIC1a plus 2a (2:1) heteromers, although a minor participation of ASIC1a plus 2a (1:2) cannot be ruled out. A major contribution of ASIC2b in association with ASIC1a can be excluded considering the functional properties of the ASIC1a plus 2b heteromers (Hesselager et al., 2004 ), which are not very different from those of ASIC1a alone and are not compatible with the functional properties of type 2 current. Type 3 neurons also expressed heteromeric ASIC1a plus 2a channels, mixed with a highly variable proportion of homomeric ASIC1a channels. These results clearly show that every cultured neuron expresses functional ASIC1a isoforms, either assembled into homomers in almost 34% of the neurons (type 1 and type 3 neurons) or assembled into heteromers predominantly in association with ASIC2a in almost 83% of the neurons (type 2 and type 3 neurons).
Reactivation of spinal current is pH dependent with important consequences on neuronal excitability
After being inactivated by extracellular acidosis, ASIC currents reactivate after return to the resting pH value following a onephase exponential time course. To study this phenomenon on native spinal neuron currents, two successive pH drops separated by a variable time interval were applied to the same cell, and the amplitude of the second ASIC current was expressed as a ratio of the first control current amplitude and plotted as a function of the time interval duration (Fig. 3) . The type 1 and the ASIC2 Ϫ/Ϫ currents were very slow to reactivate (T 0.5 ϭ 3.59 s and T 0.5 ϭ 5.49 s, respectively) compared with the type 2 current (T 0.5 ϭ 0.98 s), consistent with data on recombinant ASIC1a and ASIC1a plus 2a channels (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material) (Benson et al., 2002) . Reactivation kinetics thus constitute a major functional difference between the two subtypes of ASIC currents in dorsal spinal cord. Type 3 current reactivation kinetics were highly variable (data not shown), depending on the proportion of homomeric ASIC1a and heteromeric ASIC1a plus 2a channels involved in this mixed current.
In addition, we found the reactivation time course of ASIC currents of dorsal spinal neurons to be modulated by extracellular pH variations. The decrease of resting pH induced a major slow-down of reactivation of the type 2 current (Fig. 4 A) , with a 32-fold increase in T 0.5 value when resting pH decreases from 7.4 (T 0.5 ϭ 0.98 s) to 6.6 (T 0.5 ϭ 31.30 s). Representative current traces are shown in Figure 4 B. This is a highly sensitive phenomenon. A very light acidosis from pH 7.4 to pH 7.2 is sufficient to increase T 0.5 from 0.98 up to 3.2 s. Conversely, when the extracellular pH is increased from pH 7.4 to pH 9.0, it accelerates reactivation (T 0.5 decreased from 0.98 s to 0.44 s). This steep pH-dependent regulation of the Type 2 current reactivation has dramatic effects on neuronal depolarization measured in the current-clamp mode (Fig. 4C,D ). An extracellular pH decrease from 7.4 to 6.7 induced a 36-fold slowing-down of the depolarization reactivation with T 0.5 values increasing from 0.17 up to 6.1 s. When pH was increased from pH 7.4 to pH 9.0, it induced a 5.7-fold acceleration of reactivation, with T 0.5 decreasing from 0.17 to 0.03 s. Such a rapid reactivation, at the limit of our experimental resolution, corresponds to a near suppression of the neuronal refractory period in response to a pH drop. The different time scales between Figure 4 A and C result from the classical nonlinear relationship between current amplitude and the subsequent induced depolarization (only a fraction of the maximal current induces the maximal depolarization). Original membrane potential recordings (Fig. 4 D) illustrate the consequences of a light extracellular acidosis (pH decreasing from 7.4 to 6.9) on the reactivation of type 2 current-induced depolarization and subsequent action potential triggering. A spinal neuron that is capable of coding for a 3 Hz acid stimulation (0.3 s time interval between two APs) from the extracellular pH 7.4 to pH 6.0 (Fig.  4 D, top recordings) becomes only able to code for a 0.3 Hz acid stimulation (3 s time interval between two APs) from the extracellular pH 6.9 to pH 6.0 (Fig. 4 D, bottom recording) .
Similar results were observed on pure homomeric ASIC1a current recorded in ASIC2 Ϫ/Ϫ neurons (Fig. 5) , even if the reactivation T 0.5 values were globally larger than those of ASIC1a plus Currents were recorded at a holding potential of Ϫ50 mV and activated by pH drops from various resting pH values to pH 5.0. The current amplitude was expressed as a ratio of the amplitude of the control current (I/I control) and plotted as mean Ϯ SEM (n ranging from 3 to 72) as a function of the time interval (s) between the end of the control pH drop and the onset of the next pH drop. Data were fitted as a one-phase exponential following the equation: Y ϭ Ymax*[1 Ϫ exp(Ϫk*t)], with half-reactivation time T 0.5 ϭ 0.69/k. E, pH 9.0, T 0.5 ϭ 0.44 s; F, pH 7.4, T 0.5 ϭ 0.98 s; ‚, pH 7.2, T 0.5 ϭ 3.21 s; OE, pH 6.9, T 0.5 ϭ 8.13 s; Ⅺ, pH 6.7, T 0.5 ϭ 17.03 s; f, pH 6.6, T 0.5 ϭ 31.27 s. Inset, Enlargement on the first 10 s. B, Original current traces recorded from one single neuron. Currents were recorded at Ϫ50 mV and activated by pH drops to pH 5.0 from pH 7.4 (top), pH 7.2 (middle), and pH 6.9 (bottom). For each resting pH value, several traces are superimposed, showing one control current and several subsequent reactivated currents recorded after different time intervals (s) from the end of the control pH drop: 1, 2, 3, and 10 s for pH 7.4; 2, 3, 4, 5, 6, 7, 10, 13, and 15 s for pH 7.2; and 2, 3, 4, 5, 6 , 10, and 20 s for pH 6.9. Only the first pH drop corresponding to the control current is figured by a black line. C, pH-dependent reactivation of type 2 current-induced depolarization. Depolarizations were recorded in current-clamp mode from a mean membrane potential of Ϫ51.54 Ϯ 1.1 mV and activated by pH drops from various resting pH values to pH 5.0 or pH 6.0. The depolarization amplitude was expressed as a ratio of the control depolarization (dV/dV control) and plotted as mean Ϯ SEM (n ranging from 3 to 18) as a function of the time interval (s) between the end of the control pH drop and the onset of the next pH drop. Data were fitted as a one-phase exponential following the equation: Y ϭ Ymax*[1 Ϫ exp(Ϫk*t)], with half reactivation time T 0.5 ϭ 0.69/k. E, pH 9.0, T 0.5 ϭ 0.03 s; F, pH 7.4, T 0.5 ϭ 0.17 s; ‚, pH 7.2, T 0.5 ϭ 0.95 s; OE, pH 6.9, T 0.5 ϭ 2.61 s; Ⅺ, pH 6.7, T 0.5 ϭ 6.06 s. Inset, Enlargement on the first 10 s. D, Original type 2 current and potential traces recorded from one single dorsal spinal neuron. Depolarizations were activated by pH drops to pH 6.0 from pH 7.4 (top), pH 7.2 (middle), and pH 6.9 (bottom). For each resting pH value, several traces are superimposed, showing one control depolarization and several subsequent reactivated depolarizations recorded after different time intervals (s) from the end of the control pH drop: 0.1, 0.3, and 2 s at pH 7.4; 0.4, 0.7, 1, 2, and 4 s at pH 7.2; and 1, 2, 3, 5, and 10 s at pH 6.9. Only the first pH drop corresponding to the control depolarization is figured by a black line. The 0 mV level is figured by a dashed line. Inset, Superimposed currents traces recorded at Ϫ50 mV and activated by pH drops from pH 7.4 to pH 6.0 after different time intervals (1, 2, 3 s) from the end of the control (first) pH drop. 2a heteromeric channels carrying type 2 current, and if the active range of homomeric ASIC1a channels was limited by their pHdependent inactivation process (pH 0.5 ϭ 7.3). A very light acidosis from pH 7.4 to pH 7.3 increased T 0.5 from 5.77 up to 16.84 s, whereas an increase in extracellular pH to pH 9.0 reduced T 0.5 to 3.3 s (Fig. 5A ). Representative original current traces are shown on Figure 5B . The pH-dependent reactivation of homomeric ASIC1a channels also regulates neuronal excitability (Fig. 5C,D ). An extracellular pH decrease from 7.4 to 7.3 induced a threefold slowing down of the depolarization reactivation with T 0.5 values increasing from 2.24 up to 7.19 s, and a pH decrease from 7.4 to 7.2 induced a sixfold slowing down with T 0.5 reaching 12.55 s. When pH was increased from pH 7.4 to pH 9.0, it induced a 4.9-fold acceleration of reactivation with T 0.5 decreasing from 2.24 to 0.46 s. As a result of this channel behavior, a spinal neuron that is capable of coding for a 2 Hz acid stimulation (0.5 s time interval between two APs) from the extracellular pH 7.4 to pH 6.0 (Fig. 5D , top traces) becomes only able to code for a 0.1 Hz acid stimulation (10 s time interval between two APs) from the extracellular pH 7.3 to pH 6.0 (Fig. 5D, bottom traces) . A difference of only 0.1 pH unit in the resting pH thus appears to induce drastic consequences on the firing properties after transient acidification to the same pH value.
These results were confirmed by experiments on heterologously expressed channels (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Homomeric ASIC1a channel reactivation is regulated by extracellular pH, with T 0.5 increasing from 11.05 to 23.43 s, when pH decreases from 7.4 to 7.2, and T 0.5 decreasing to 3.01 s when pH increases up to 9.0 (supplemental Fig. 1 A, available at www.jneurosci.org Currents were recorded at Ϫ50 mV and activated by pH drops to pH 5.0 from pH 7.4 (top) and pH 7.3 (bottom). For each resting pH value, several traces are superimposed, showing one control current and several subsequent reactivated currents recorded after different time intervals (s) from the end of the control pH drop: 1, 2, 4, 10, and 15 s for pH 7.4; and 2, 5, 10, and 20 s for pH 7.3. Only the first pH drop corresponding to the control current is figured by a black line. C, pH-dependent reactivation of ASIC2 Ϫ/Ϫ current-induced depolarization. Depolarizations were recorded in current-clamp mode and activated by pH drops from various resting pH values to pH 6.0. The depolarization amplitude was expressed as a ratio of the control depolarization (dV/dV control) and plotted as mean Ϯ SEM (n ranging from 3 to 18) as a function of the time interval (s) between the end of the control pH drop and the onset of the next pH drop. Data were fitted as a one-phase exponential following the equation: Y ϭ Ymax*[1 Ϫ exp(Ϫk*t)], with half reactivation time T 0.5 ϭ 0.69/k. E, pH 9.0, T 0.5 ϭ 0.46 s; F, pH 7.4, T 0.5 ϭ 2.24 s; ƒ, pH 7.3, T 0.5 ϭ 7.19 s; ‚, pH 7.2, T 0.5 ϭ 12.55 s. Inset, Enlargement on the first 10 s. D, Original potential traces recorded from one single dorsal spinal ASIC2 Ϫ/Ϫ neuron. Depolarizations were activated by pH drops to pH 6.0 from pH 7.4 (top) and pH 7.3 (bottom). For each resting pH value, several traces are superimposed, showing one control depolarization and several subsequent reactivated depolarizations recorded after different time intervals (s) from the end of the control pH drop: 0.5, 2, 10, and 15 s at pH 7.4; and 2, 6, 10, 15, 20, and 25 s at pH 7.3. Only the first pH drop corresponding to the control depolarization is figured by a black line. The 0 mV level is figured by a dashed line.
as supplemental material). Homomeric ASIC2a current reactivation also shows a marked pH dependency (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material), with an 11-fold increase in T 0.5 from 0.92 to 10.46 s when pH decreases from 7.4 to 6.6. A T 0.5 value of 153 s could be estimated at pH 6.0. When extracellular pH was increased from pH 7.4 to pH 9.0, it induced a marked acceleration of reactivation, T 0.5 decreasing from 0.92 to 0.03 s. The T 0.5 values obtained at pH 7.4 for ASIC1a and ASIC2a are in good agreement with previously published data (Benson et al., 2002) . Coexpressing ASIC1a and ASIC2a with a 2:1 transfection ratio leads to a current with a pH-dependent reactivation close to the neuronal type 2 current, a decrease in extracellular pH from 7.4 to 6.6 inducing a 36-fold increase in the T 0.5 of the ASIC1a plus 2a current from 0.5 to 18.08 s (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). These results further support the participation of heteromeric ASIC1a plus 2a channels in the peak type 2 current in dorsal spinal neurons, and the involvement of both subunits in their pH-dependent reactivation.
ASIC1a and ASIC2a are the most abundant ASICs expressed in spinal neurons where they are coexpressed in most neuronal subtypes Our functional data suggest a predominant role for the ASIC1a and ASIC2a subunits in mouse spinal cord. These isoforms have already been detected in the spinal cord (Chen et al., 1998; Alvarez de la Rosa et al., 2003; Wu et al., 2004) , but their pattern of expression and their relative abundance remained to be determined. We compared by quantitative RT-PCR the expression of the ASIC isoforms between adult spinal cord, E14 spinal cord, dorsal E14 spinal cord, and primary cultured dorsal E14 spinal neurons used for patch-clamp experiments (Fig. 6) . As described previously (Wu et al., 2004) , ASIC1a, ASIC2a, and to a lower extent ASIC2b were the major mRNAs detected in embryonic and adult spinal cord, whereas ASIC3 expression was negligible, as well as ASIC1b and TRPV1 expression (data not shown), consistent with their specific expression in sensory neurons. In good agreement with these data, we failed to detect ASIC3-like currents in spinal cord neurons (data not shown). ASIC1a appears as the most abundant isoform detected in E14 spinal cord, ASIC2a and ASIC2b representing, respectively, 55 and 24% of ASIC1a. ASIC1a is also the most abundant isoform in the dorsal half of the E14 spinal cord, with ASIC2a and ASIC2b representing 38 and 10% of ASIC1a, respectively. This pattern did not change after 2 d of culture, but with time, it progressively evolved toward a pattern close to the one found in the adult spinal cord, with an increase in ASIC2a and ASIC2b proportions (ASIC2a and ASIC2b representing 74 and 63% of ASIC1a after 21 d of culture). In addition to a change in the respective expression pattern of ASIC1a, ASIC2a, and ASIC2b with time in culture, the level of expression of all ASICs also progressively increased. ASIC1a expression was increased 2.5-fold, 4.7-fold, and 5.3-fold compared with E14 dorsal spinal cord after 7, 13, and 21 d in culture (data not shown).
We next performed in situ hybridization experiments to determine the spatial pattern of expression of ASIC1a and ASIC2a in adult spinal cord and showed that ASIC1a (Fig. 7 A, a) and ASIC2a (Fig. 7 A, b) are expressed by neurons throughout all spinal laminas (Fig. 7 A, c) ; by the small (ϳ10 m in diameter) and closely spaced neurons of dorsal laminas 1-3 (substantia gelatinosa) receiving the peripheral nociceptive afferent fibers; by the medium size (ϳ20 m in diameter) wide-dynamic range (WDR) neurons of dorsal laminas 4 -5, which are the main origin of the spinothalamic tract conveying sensory information to brain; and by ventral big size (30 -40 m in diameter) motoneurons of laminas 8 -9. Control experiments with the sense probe are shown in supplemental Figure 2 (available at www.jneurosci.org as supplemental material). Labeling of ASIC1a by fluorescent in situ hybridization and codetection of ASIC2a by immunohistochemistry (Fig. 7B) showed an extensive colocalization of ASIC1a mRNA and ASIC2a protein in spinal cord neurons, consistent with electrophysiological data showing an important participation of ASIC1a plus 2a heteromers in spinal cord ASIC currents.
Discussion
ASIC1a has very recently emerged as a key subunit in the modulation of nociception in the CNS (Duan et al., 2007; Mazzuca et al., 2007) . Our data confirm the importance of the ASIC1a subunit in spinal cord neurons. ASIC1a is broadly expressed in all the laminas of the adult spinal cord and contributes to every ASIC currents recorded from cultured spinal cord neurons. It was very recently suggested by Duan et al. (2007) that homomeric ASIC1a is the major channel underlying ASIC currents in rat spinal dorsal horn neurons, with no functional participation of ASIC2a. We show here that ASIC1a homomers are actually not the predominant functional channels in these neurons, in good agreement with the very significant expression of ASIC2a and ASIC2b in spinal cord (Wu et al., 2004 ; our study). ASIC2a is broadly expressed in all the laminas of the adult spinal cord, where it is often colocalized with ASIC1a, and 83% of E14 cultured mouse dorsal spinal neurons display transient currents resembling heteromeric ASIC1a plus 2a channel (i.e., type 2 and type 3 currents). This heteromeric channel is most probably formed of two ASIC1a and one ASIC2a subunits, based on our comparison between the properties of recombinant channels expressed at different ratio and native currents in dorsal spinal neurons, as well as on the recently described trimeric organization of ASIC channels obtained from the determination of the tridimensional structure of ASIC1 (Jasti et al., 2007) .
We cannot completely exclude a modulatory role for ASIC2b in spinal cord. The formation of heterotrimers comprising ASIC2b together with ASIC1a and/or ASIC2a is conceivable given the lack of data on the modulation of ASIC2b-containing channels by zinc and the contribution of ASIC2b to the plateau phase sometimes associated with type 2 current. However, ASIC2b seems to play a minor role in this current considering the biophysical properties of type 2 current and the suggested com- position of the major underlying channel with two ASIC1a subunits and one ASIC2a subunit.
The role of ASICs in the spinal cord is probably complex, because these channels could be involved at different levels in pain processing. ASICs can modulate the transmission of the noxious message either directly or indirectly. Our group has shown recently that ASIC1a homomeric channels in the CNS are involved in the control of the endogenous opioid system by a still unknown mechanism (Mazzuca et al., 2007) . Blockade of ASIC1a by intrathecal injection of the toxin PcTx1 or by antisense oligonucleotides results in activation of the endogenous enkephalin pathway and is associated with a potent analgesic effect (Mazzuca et al., 2007) . Duan et al. (2007) also have described recently that intrathecal injection of the venom of the tarantula Psalmopoeus cambridgei that contains PcTx1 (among many other components), or of antisense oligonucleotides, reverse inflammatory pain hypersensitivity in rat. Because PcTx1 specifically blocks ASIC1a homomeric channels (Escoubas et al., 2000) , it is probable that the effect of intrathecally injected PcTx1 involves the dorsal spinal neurons displaying type 1 and/or type 3 currents. The presence of ASIC2a in ASIC channels prevents their inhibition by PcTx1 (Escoubas et al., 2000) . The type 2 current, which is predominant in ϳ66% of cultured spinal cord neurons, is thus insensitive to PcTx1 and therefore does not participate to the potent pharmacological in vivo effects of the toxin. This suggests that ASIC2a and type 2 currents might not be major contributors to nociceptive processing in the spinal cord. However, a definitive answer will be obtained only when a specific blocker of type 2 current will be available. Blocking the type 1 current with PcTx1 is sufficient to have a potent analgesic effect through strong endogenous opioid-mediated mechanisms, but this does not mean that a specific block of type 2 current would not also induce analgesia.
Both ASIC1a and ASIC2a are present at the synapse (Duggan et al., 2002; Wemmie et al., 2002; Jovov et al., 2003) . ASIC1a-containing homomeric or heteromeric channels are thought to be activated by the release of the acidic content of synaptic vesicles during neuronal activity and the subsequent acidification in the vicinity of the synaptic cleft (Krishtal et al., 1987; Chesler and Kaila, 1992; Waldmann et al., 1997; Waldmann and Lazdunski, 1998; Krishtal, 2003) , but no direct demonstration of a participation of these channels in synaptic transmission has been provided thus far. ASIC1a properties are drastically modified by its association with ASIC2a, even in minor proportion (1:2 ratio) within heteromers. In addition to conferring a coactivation by H ϩ and Zn 2ϩ (Baron et al., 2001) , the ASIC2a subunit determines the active pH and kinetics of heteromeric ASIC1a plus 2a channels. ASIC2a can also bring into the ASIC1a plus 2a complex other associated proteins capable of modulating the channel activity, such as protein kinase C (PKC)-interacting protein 1 (PICK1) that confers a regulation by PKC␣ (Baron et al., 2002b) . As in the hippocampus, glutamatergic synapses in the dorsal spinal cord corelease protons that could activate ASIC channels, as well as Zn 2ϩ , released both from afferent sensory small-diameter neurons and from some dorsal 
